Porcine astroviruses (PAstVs) have extended their distribution globally and have a high prevalence; however, their clinical significance is still under investigation. Thus far, information about their prevalence and diversity in the Indian pig population is unknown. This study is the first report on the prevalence and genetic characterization of PAstVs in diarrhoeic piglets in India. From January 2013 to December 2017, 757 samples were screened using an RT-PCR assay and PAstV infection was detected in 17.6% (133/757) pigs. Of the 133 positive samples, 79 (59.4%) were positive for PAstV alone, whereas 54 (40.6%) were found to be co-infected with porcine rotavirus A (PoRVA). Phylogenetic analysis of RdRp/capsid gene region revealed high genetic heterogeneity among PAstV sequences, with a predominance of PAstV lineage 4 and detection of lineage 2. The lineage 4 PAstVs exhibited 61.2%-94.5% sequence similarity at the nucleotide level to other reported sequences, whereas lineage 2 strain shared 66.0%-71.6% sequence identity with cognate sequences of the same lineage. This is the first report on PAstV and circulation of lineages 4 and 2 in India. Further, phylogenetic analysis indicates a
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Summary
Porcine astroviruses (PAstVs) have extended their distribution globally and have a high prevalence; however, their clinical significance is still under investigation. Thus far, information about their prevalence and diversity in the Indian pig population is unknown. This study is the first report on the prevalence and genetic characterization of PAstVs in diarrhoeic piglets in India. From January 2013 to December 2017, 757 samples were screened using an RT-PCR assay and PAstV infection was detected in 17.6% (133/757) pigs. Of the 133 positive samples, 79 (59.4%) were positive for PAstV alone, whereas 54 (40.6%) were found to be co-infected with porcine rotavirus A (PoRVA). Phylogenetic analysis of RdRp/capsid gene region revealed high genetic heterogeneity among PAstV sequences, with a predominance of PAstV lineage 4 and detection of lineage 2. The lineage 4 PAstVs exhibited 61.2%-94.5% sequence similarity at the nucleotide level to other reported sequences, whereas lineage 2 strain shared 66.0%-71.6% sequence identity with cognate sequences of the same lineage. This is the first report on PAstV and circulation of lineages 4 and 2 in India. Further, phylogenetic analysis indicates a multiphyletic origin of PAstV strains and suggests cross-border circulation of PAstVs with a similar genetic configuration in Asian countries.
K E Y W O R D S
co-infection, epidemiology, genetic diversity, India, lineages, Porcine astroviruses, virus detection 1 | INTRODUCTION Astroviruses (AstV), members of the family Astroviridae, are associated with mild to severe gastroenteritis in pigs. AstV infection is responsible for significant economic losses in the pig industry due to reduced weight gain, increased mortality, and treatment costs (Brnić, Jemeršić, Keros, & Prpić, 2014) . AstVs are spherical, non-enveloped viruses with a positive-sense, single-stranded RNA genome of 6.8-7.9 kb. The genome consists of a 5′ UTR, followed by three ORFs (ORF 1a, 1b, and 2), a 3′ UTR, and a poly(A) tail. ORF 1 includes coding sequences for RdRp and a serine protease, whereas ORF 2 codes for the capsid protein. AstVs have been identified in domesticated animals, like sheep (Reuter, Pankovics, Delwart, & Boros, 2012) , pigs (Luo et al., 2011) , dogs (Toffan et al., 2009) , and cats (Hoshino, Zimmer, Moise, & Scott, 1981) , as well as other mammals and avian species (Atkins et al., 2009; Cattoli et al., 2007; Chu, Poon, Guan, & Peiris, 2008; Chu et al., 2010; Englund, Chriél, Dietz, & Hedlund, 2002; Fu et al., 2009; Kjeldsberg & Hem, 1985; PantinJackwood, Spackman, & Woolcock, 2006; Rivera, Nollens, VennWatson, Gulland, & Wellehan, 2010; Smits et al., 2010; Tzipori, Menzies, & Gray, 1981) . As per the 2012 official release of the International Committee of Taxonomy of Viruses (ICTV, http://www.ic tvonline.org/virusTaxonomy.asp), 19 species within the Mamastrovirus genus and three species within the Avastrovirus genus are recognized (Donato & Vijaykrishna, 2017) .
Porcine astroviruses (PAstVs) are distributed globally and have been isolated from mild to severe gastroenteritis cases (Amimo et al., 2014; Atkins et al., 2009) . Although the virus affects pigs of less than 2 years of age, the most susceptible period for AstV infection is the finisher stage (6-8 weeks) of pigs (Luo et al., 2011) . In addition to intestinal appearances, extra-intestinal migration of PAstV has been reported in recent years (Blomström, Ley, & Jacobson, 2014; Brnić et al., 2013; Xiao et al., 2013) . In pigs, five distinct PAstV lineages have been accepted, recognizing that pigs are highly susceptible to AstV infection, often without clinical signs (Cai et al., 2016; Donato & Vijaykrishna, 2017; Lan et al., 2011; Luo et al., 2011) . Pigs are a known reservoir for a number of zoonotic viruses and hence, it is important to be vigilant about the occurrence of new viruses in pigs, so as to assess the risk of impact on the health of humans and other animals. PAstV has been reported in four Asian countries to date, i.e., China, Japan, South Korea, and Thailand (Cai et al., 2016; Kumthip et al., 2018; Lan et al., 2011; Lee et al., 2013) but there have been no reports on PAstVs in India. Our knowledge about AstV diversity and epidemiology in India is limited to human AstVs (Pativada et al., 2012) . In this study, we report the presence of AstVs in Indian pigs. We investigated the infection status as well as the lineages of PAstVs circulating in three geographically distant regions (northern, southern, and northeastern) of India.
| MATERIALS AND METHODS
Faecal samples (n = 757) were collected from diarrhoeic piglets, aged below 6 months, over a period of 5 years (2013-2017) from 10 states, i.e., six northeastern (Assam, Meghalaya, Mizoram, Tripura, Nagaland, and Manipur), three southern (Karnataka, Tamil Nadu, and Kerala), and one northern state (Uttar Pradesh). All samples were screened for AstVs and rotavirus A (RVA), where RVA were identified in 321 samples (42.4%) out of 757 samples tested using the diagnostic RT-PCR . Diarrhoeic samples were subjected to RNA extraction, followed by cDNA synthesis, as described previously (Malik et al., 2013 (Malik et al., , 2014 . PAstV-positive samples were identified using RT-PCR with PAstV F and PAstV R primers, amplifying a product of 799 bp (Reuter, Pankovics, & Boros, 2011) . For the amplification of the target region (799 bp), 12.5 μl of 2× SapphireAmp® Fast PCR Master Mix (Takara Bio Inc.) was used along with 1 μl each of PAstV forward and reverse primer at 10 pmol/μl concentration followed by adding 2 μl of cDNA and 8.5 μl of nuclease free water to make up the final volume to 25 μl. Amplification conditions were optimized with initial denaturation at 95°C for 3 min, followed by cyclic denaturation at 94°C for 10 s, annealing at 50°C for 15 s, and extension at 72°C for 30 s. A final extension was performed at 72°C for 7 min.
Amplicons were cloned and sequenced, as described earlier . BLAST analysis of nucleotide sequences confirmed the presence of PAstV in the Indian swine population. The per cent identity between Indian PAstVs and other reported PAstVs was calculated using the MegAlign program in the DNASTAR's Lasergene Sequence Analysis software (Madison, WI). Phylogenetic analysis on the basis of a 799-bp region spanning the RdRp and capsid genes was inferred by applying the Maximum Likelihood method based on the Tamura-Nei model using the MEGA 6.0 software (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) . A discrete Gamma distribution was used to model evolutionary rate differences among sites.
The nucleotide sequences determined in this study have been deposited in GenBank, under the accession numbers KX453789, KM083104, MG003342 to MG003352, KT757530 to KT757532, KJ650561 to KJ650567. (Brnić et al., 2013; Dufkova, Scigalkova, Moutelikova, Malenovska, & Prodelalova, 2013; Luo et al., 2011; Monini et al., 2015; Xiao et al., 2013; Zhou et al., 2016) . However, a lower prevalence of PAstV, as observed in the current study, has been documented in Asian countries, i.e., South Korea (19.4%), China (17.5%), Thailand Although PAstV was detected in diarrhoeic samples in the current study, its prevalence in apparently healthy piglets of all age groups has also been documented (Cai et al., 2016; Kumthip et al., 2018; Luo et al., 2011) . This study reports the presence of PAstV in India for the first time. It is noteworthy that human AStVs (HAstVs) also have a low prevalence (5.0%-17.0%) in India (Bhattacharya et al., 2006; Krishnan, 2014; Verma, Chitambar, & Gopalkrishna, 2010) . Of the 133 PAstV-positive samples, 79 (59.4%) were positive for PAstV alone, while 54 (40.6%) were positive for both PAstV and PoRVA . In pigs, AstV is often found with other viruses like RVA (Cai et al., 2016; Machnowska et al., 2014; Mor, Chander, Marthaler, Patnayak, & Goyal, 2012; Pativada et al., 2012) . Co-infection of HAstV with RVA and picobirnavirus has been reported in India (Bhattacharya et al., 2006) . Nevertheless, the precise role of PAstVs in causing diarrhoea, whether alone or as a co-infecting agent with other enteric viruses is unclear (Cai et al., 2016; Kumthip et al., 2018 F I G U R E 2 Phylogenetic analysis based on 799 bp region spanning 5′ partial RdRp and 3′ partial capsid gene. The evolutionary history was inferred by using the maximum likelihood method using the Tamura-Nei model with discrete Gamma distribution and 1,000 bootstrap replicates in MEGA6. The analysis involved 84 nucleotide sequences of PAstVs and HAstVs. PAstV sequences of the current study are shown with round dots [Colour figure can be viewed at wileyonlinelibrary.com] study, comprising at least a single sequence representing each pig and human lineage, were used. In phylogenetic analysis, five topologically distinct lineages of PAstV were evident (Figure 2 ). These lineages reflect different origins and are thought to result from interspecies transmission and recombination events, some apparently with human strains (Luo et al., 2011; Xiao et al., 2013) . These data markedly demonstrate the zoonotic potential of PAstV strains. (Lee et al., 2013) and Thailand (Kumthip et al., 2018) . In contrast, a higher prevalence of lineage 2 was reported in China, together with the identification of lineage 5 in wild boar (Cai et al., 2016) . It is noteworthy that most studies have reported the predominance of PAstV-2 or PAstV-4 in domestic pigs.
However, the clinical significance of PAstV infection remains to be understood, as PAstVs have been found in healthy, asymptomatic pigs as well as in diarrhoeic pigs. Nevertheless, the circulation of PAstVs with a high degree of genetic heterogeneity, i.e., all five lineages, in the Asian region is of great concern.
In conclusion, the present study demonstrates the presence of PAstV in the Indian pig population and co-infection of PAstV with PoRVA. Phylogenetic analysis of the region spanning the RdRp and capsid genes revealed the circulation of PAstV-2 and PAstV-4 in India. This is the first report on the identification of AstVs in pigs in India. A rigorous and in-depth nationwide surveillance programme is needed to identify various lineages from swine populations and identify the possibilities of co-infections. Thorough recombination analysis is also recommended to elucidate the evolution of PAstV in Asia (Supporting Information Table S1a-c). 
ACKNOWLEDG EMENTS

